Pseudopotential theory and Gibbs-Bogolyubov variational technique have been generalized to calculate the π-component metal mixture thermodynamics. The Percus-Yevick hard-sphere model was used as a reference system. An effective pair interaction was estimated using the local Animalu-Heine potential in conjunction with the Vashishta-Singwi dielectric function. Minimization of the free energy was performed with respect to the three hard-sphere diameters and the atomic volume. This method was applied to describe the Na-K-Cs and Na-K-Rb liquid alloys at different temperatures and alloy compositions. Good agreement with the available experimental data was observed. The accuracy of the model used improved with increasing temperature, as shown by our results.
INTRODUCTION
The combination of the pseudopotential theoiy and the variational method based on the Gibbs-Bogolyubov inequality has been successfully used for description of the thermodynamic properties of liquid pure metals /1,2/ and binary alloys /3,4/. In the present work we generalize this formalism to «-component mixtures and apply it to calculations of the same thermodynamic properties of the Na-K-Cs and Na-K-Rb liquid alloys.
THEORY
Within the framework of the second-order perturbation theory in the pseudopotential, the Helmholtz free energy per ion is given by
where F re { is the free energy of the reference system; E eR is the free energy of the electron gas (for the electron-gas correlation energy the Nozieres-Pines 151 interpolation formula is used); E\ and Ει are defined, respectively, via first-and second-order pseudopotential perturbation theory and EM is the Madelung contribution, arising from the ion-ion interaction. As a reference system, the hard-sphere (HS) model is used. Therefore, F re f can be written as
where Shs is the entropy of the HS mixture. The detailed formalism of the additive HS ncomponent mixtures in the Percus-Yevick (PY) approximation was developed by Lebowitz et al. 16, 11 . We use expressions obtained from a generalized Ornstein-Zernike compressibility relation.
The free energy of the HS mixture can be expressed as/3/ η
where μ, and Phs denote, respectively, the chemical potential of the J-th species and the pressure of the HS mixture which were evaluated explicitly /7/; Ω -atomic volume; c, -concentration of the i-th component. Using expression (3), Umar et al. 13/ defined Shs in closed form as a derivative of the Fhs with respect to the temperature for the binary mixtures:
•Shs = S gas + s m + ^pack + s 6 (4)
Here, S m is the ideal gas entropy; S m is the ideal entropy of mixing; Spack represents the contribution due to the packing fraction and 5 σ corresponds to the mismatch between hard spheres with different diameters σ,.
Carrying out an analogous procedure for the n-th component mixtures, we obtained the expressions for the contributions to (4) IS/.
The last three terms on the right-hand side of the equation (1) Besides, we use an additional condition to determine the atomic volume:
(dF/dQ) Ti6i <r n = 0 (10)
RESULTS
We take into consideration the eutectic Na-K-Cs alloy (cNa = 0.139, ck = 0.435, ccs = 0.426) for which some experimental data are available /15/ and the Na-K-Rb system at different compositions.
In Fig. 1 , the heat and the free energy of mixing of the Na-K-Cs alloy as a function of the temperature are shown. The calculated temperature dependence of the heat of mixing is in quite good agreement with the experimental one, although non-linear behaviour of the calculated curve is observed. It should be noted that similar results have been obtained by us for the equiatomic Na-K alloy /14/.
The computed values of the HS diameters are presented in Fig. 2 . On alloying, the diameter of the lighter element (Na) expands and that of the heavier element (Cs) shrinks at a lower temperature and behaves contrarily at a higher one.
Data on the Na-K-Rb alloys are summarised in Table 1 . The present calculations show that all properties under consideration are far from additive when mixing the Na-K and Na-Rb equiatomic alloys, but when mixing the K-Rb and Na-RB alloys, a contrasting tendency is observed. When mixing the Na-K equiatomic alloy with the K-Rb alloy only the heat of mixing shows an almost additive behaviour. 4. DISCUSSION Fig. 1(a) shows that for a Na-K-Cs alloy the agreement of the theoretically obtained heat of mixing with the experimental one is better at higher temperatures. Obviously, it might be explained by choosing the reference system, because the accuracy of the HS model improves with increasing temperature.
As follows from application of the used pseudopotential model to the investigation of the liquid alkali-alkali alloys /12,13/, worse results are obtained for the Cs-based systems. Therefore, it can be assumed that our results for the Na-K-Rb alloy are more correct than those for the Na-K-Cs alloy.
CONCLUSIONS
From our investigations we conclude that the pseudopotential theory in conjunction with the GibbsBogolyubov variational technique can be successfully used in the study of the thermodynamic properties of ncomponent liquid metal alloys.
